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Tet proteins oxidize 5-methylcytosine (mC) to
generate 5-hydroxymethyl (hmC), 5-formyl (fC), and
5-carboxylcytosine (caC). The exact function of
these oxidative cytosine bases remains elusive. We
applied quantitative mass-spectrometry-based pro-
teomics to identify readers for mC and hmC inmouse
embryonic stem cells (mESC), neuronal progenitor
cells (NPC), and adult mouse brain tissue. Readers
for thesemodifications are only partially overlapping,
and some readers, such as Rfx proteins, display
strong specificity. Interactions are dynamic during
differentiation, as for example evidenced by the
mESC-specific binding of Klf4 to mC and the
NPC-specific binding of Uhrf2 to hmC, suggesting
specific biological roles for mC and hmC. Oxidized
derivatives of mC recruit distinct transcription regu-
lators as well as a large number of DNA repair
proteins in mouse ES cells, implicating the DNA
damage response as a major player in active DNA
demethylation.
INTRODUCTION
Methylation of cytosine residues at carbon atom 5 of the base
(mC) represents a major mechanism via which cells can silence
genes. Cytosine methylation mostly occurs in a CpG dinucleo-1146 Cell 152, 1146–1159, February 28, 2013 ª2013 Elsevier Inc.tide context. However, CpG islands (CGIs), which are character-
ized by a very high CpG density and are often found in promoter
regions of genes, are typically hypomethylated. Methylation of
these CGIs results in transcriptional silencing. The molecular
mechanisms underlying the association between DNA methyla-
tion and repression of transcription have proven difficult to
decipher. The classic view is that methylation of DNA results in
the recruitment of methyl-CpG-binding proteins (MBPs) that
possess transcriptionally repressive enzymatic activities (Defos-
sez and Stancheva, 2011). However, in vivo validation for this
model on a genome-wide level is still lacking. In contrast,
recent in vivo data have revealed that CXXC-domain-containing
proteins specifically bind to nonmethylated cytosines. In this
case, hypomethylated CGIs serve as a recruitment signal for
CXXC-domain-containing activators that establish a transcrip-
tionally active chromatin state (Thomson et al., 2010).
It was discovered 4 years ago that Tet enzymes convert mC
to 5-hydroxymethylcytosine (hmC) (Kriaucionis and Heintz,
2009; Tahiliani et al., 2009). This modification is particularly
abundant in the brain and in embryonic stem cells but is detect-
able in all tissues tested (Globisch et al., 2010; Szwagierczak
et al., 2010). Tet enzymes can catalyze further oxidation of
hmC to 5-formylcytosine (fC) and 5-carboxylcytosine (caC) (He
et al., 2011; Ito et al., 2011; Pfaffeneder et al., 2011). fC and
caC can subsequently serve as substrates for thymine-DNA
glycosylase (Tdg), which eventually results in the generation of
a nonmethylated cytosine (He et al., 2011; Maiti and Drohat,
2011). Therefore, this Tet-Tdg pathway represents an active
DNA demethylation pathway. It is not clear whether hmC, fC,
and caC have additional DNA-demethylation-independent
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Figure 1. Identification of mC- and hmC-
Specific Readers in Mouse Embryonic Stem
Cells
(A) Schematic overview of the workflow.
(B) Scatterplot of a SILAC-basedmCDNA pull-down
in mESC nuclear extracts.
(C) Validation of the mC-specific binding of Klf4
and nonmethyl-C-specific binding of Cxxc5
and Kdm2b. DNA pull-downs were performed with
recombinant GST-fusion proteins followed by
western blotting. For MBD3_25, an empty lane was
cut out.
(D) Scatterplot of a SILAC-based hmC DNA pull-
down in mESC nuclear extract.
(E) Venn diagram showing overlap of readers for C,
mC, and hmC.
(F–L) Representative mass spectra obtained in
the triple-SILAC DNA pull-down in mESCs. Each
spectrum shows the relative affinity of the indicated
peptides and proteins for nonmethylated (yellow),
methylated (blue), and hydroxymethylated (red)
DNA.
See also Figure S1 and Table S1.functions, as very few specific binders, or ‘‘readers,’’ for these
oxidized versions of mC have been described thus far.
We applied quantitative mass spectrometry (MS)-based pro-
teomics to identify a large number of readers for mC and its
oxidized derivatives in mouse embryonic stem cells (mESCs).
Furthermore, we also identified readers for mC and hmC in
neuronal progenitor cells (NPCs) and in adult mouse brain. OurCell 152, 1146–1159,data reveal that each cytosine modifica-
tion recruits a distinct and dynamic set of
proteins. The known biology of these inter-
acting proteins suggests a role for hmC,
fC, and caC in active DNA demethylation
pathways via base excision repair (BER),
as well as an epigenetic recruitment func-
tion in certain cell types.
RESULTS
Identification of mC and hmC
Readers in mESCs
To identify readers for methylcytosine and
its oxidized derivatives, we made use of
a DNA pull-down approach combined
with quantitative MS. In brief, nuclear
extracts from mESCs grown in ‘‘light’’ or
‘‘heavy’’ SILAC medium were incubated
with a nonmodified or modified double-
stranded DNA sequence (50-AAG.ATG.
ATG.AXG.AXG.AXG.AXG.ATG.ATG-30,
with X representing C, mC, or hmC;
‘‘forward’’ pull-down; Figure 1A). As a
control, a label-swap, or ‘‘reverse,’’ exper-
iment was performed. Following incuba-
tion and washes, beads were combined
and bound proteins were in-gel digestedwith trypsin and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Raw MS data were analyzed
using MaxQuant (Cox and Mann, 2008). Specific interactors are
distinguishable from background proteins by their H/L ratio.
Proteins binding selectively to the modified DNA have a high
ratio in the forward pull-down and a low ratio in the reverse pull-
down, whereas readers for the nonmodified DNA show oppositeFebruary 28, 2013 ª2013 Elsevier Inc. 1147
binding (low forward ratio, high reverse ratio). Background
proteins will have a 1:1 ratio in both pull-downs (Figure 1A).
As shown in Figure 1B and Table S1 available online, we iden-
tified 19 proteins enriched for mC compared to C in mESC
nuclear extracts (p < 0.05 and ratio >2 in both pull-downs).
Among these are the methyl-CpG-binding proteins MeCP2,
Mbd1, Mbd4, and Uhrf1 (Defossez and Stancheva, 2011). Other
interactors include Rfx1 and Zfhx3, which were previously
identified as mC readers (Bartke et al., 2010; Sengupta et al.,
1999). Interestingly, three Klf proteins were identified as mC
readers: Klf2, -4, and -5. These proteins carry three Kru¨ppel-
like zinc fingers, just like the Kaiso family of mC-binding proteins.
Klf4 is one of the four Yamanaka reprogramming factors and has
not been previously identified as amC-binding protein in HeLa or
U937 cells (Bartels et al., 2011; Bartke et al., 2010). This may
be due to the low expression of Klf4 in differentiated cells relative
to mESCs. We confirmed the direct binding of the Klf4 Kru¨ppel-
like zinc fingers to mC using recombinant protein and two
different DNA sequences (Figure 1C and S1A). A motif bearing
similarities to a recently published consensus binding site for
Klf4, as determined by ChIP-seq (GGGXGTG) (Chen et al.,
2008), revealed that Klf4 binds this motif with the highest affinity
when ‘‘X’’ is mC (Figure S1A). These results establish Klf4 as
a sequence-specific mC binding protein.
Mining published bisulfite sequencing data of mESCs and
NPCs (Stadler et al., 2012) and overlapping this data with the
Klf4 ChIP-seq profile in mESCs (Chen et al., 2008) revealed
a substantial number of methylated Klf4-binding sites in this
cell type (Figure S1B), which are mainly intronic and intergenic
(Figure S1C). Out of the 7,321 Klf4-binding sites in mESCs that
were covered in the bisulfite sequencing data set, 1,356 show
high levels of DNAmethylation in mESCs (18.5%). Many of these
Klf4-binding sites contain a methylated Klf4-binding motif, such
as GGCGTG (Figures S1D and S1E). Interestingly, many Klf4-
binding sites that are nonmethylated in ES cells become hyper-
methylated in NPC cells (Stadler et al., 2012) (Figures S1B and
S1D). This finding may be highly relevant in the context of Klf4-
mediated cellular reprogramming. During reprogramming, Klf4
may be able to bind these methylated loci in differentiated cells
to initiate stem-cell-specific gene expression patterns. Enrich-
ment analyses for functional domains among the mC interactors
revealed DNA-binding zinc fingers to be significantly enriched
(Benj.Hoch.FDR = 102.45; Figure S3A). These zinc fingers
may also interact with the methylated DNA in a sequence-
specific manner.
In addition to the cluster of mC-binding proteins, a large
number of proteins displayed preferential binding to nonmethy-
lated DNA (Figure 1B, upper-left quadrant). Consistent with
previous observations, this cluster of proteins contains a number
of CXXC-domain-containing proteins that are known to prefer-
entially bind to nonmethylated CpGs (Blackledge et al., 2010;
Thomson et al., 2010). Examples include Cxxc5, Kdm2b, and
Mll1 (see Figure 1C). We also identified other subunits of the
Mll1 and PRC1.1 (Bcor) complexes, which most likely bind to
the nonmethylated DNA indirectly via Mll1 and Kdm2b, respec-
tively. Other interactors include the Ino80 chromatin-remodeling
complex and zinc-finger-containing transcription factors such
as Zbtb2, as well as basic leucine zipper-containing proteins1148 Cell 152, 1146–1159, February 28, 2013 ª2013 Elsevier Inc.(enriched Benj.Hoch.FDR = 105.57; Figure S3A) such as JunD,
Creb1, and Atf7, for which sequence-specific DNA binding is
most likely abolished by DNA methylation.
Readers for hmC showed partial overlap with proteins
observed to interact with mC (Figure 1D, lower-right quadrant,
and Figure 1E), as only three proteins interacted with both modi-
fied baits: MeCP2, Uhrf1, and Thy28. Uhrf1 and MeCP2 are
known to bind both mC and hmC, although MeCP2 clearly
binds with a higher affinity to mC compared to hmC (Frauer
et al., 2011; Hashimoto et al., 2012; Melle´n et al., 2012). Thy28
is an uncharacterized protein that is associated with apoptosis
(Toyota et al., 2012) and contains an EVE domain, which is
possibly involved in (ds)RNA binding (Bertonati et al., 2009).
Interestingly, two DNA glycosylases (Mpg and Neil3) and a heli-
case (Recql) were identified as hmC readers in mESCs. These
proteins might be involved in active DNA demethylation path-
ways to convert hmC back to cytosine via base excision repair
mechanisms, as has been suggested previously (Hajkova
et al., 2010; Wossidlo et al., 2010). In addition, a number of previ-
ously uncharacterized proteins, Wdr76 and C3orf37, preferen-
tially bound to hmC compared to C. We purified WDR76 as
a GFP fusion protein from HeLa cells and found interactions
with OCR, HELLS, and GAN (Figure S1F). The mouse protein
Hells, or Lsh, is a DNA helicase that has previously been impli-
cated in regulating DNA methylation levels in cells (Dennis
et al., 2001). Interestingly, OCR, or Spindlin-1, is a protein that
is known to bind trimethylated H3 lysine 4 (H3K4me3) (Bartke
et al., 2010). A large number of proteins preferentially bound to
the nonmodified DNA, as was observed for the mC pull-down
(Figure S1G). We validated some of these findings using western
blotting for endogenous proteins (Figure S1H).
To further investigate the relative affinity of proteins for C
versus mC versus hmC in a single experiment, we made use of
a triple pull-down approach (Vermeulen et al., 2010), in which
mESCs are grown in three different SILAC media. ‘‘Light,’’
‘‘medium,’’ and ‘‘heavy’’ nuclear extracts derived from these
cells are incubated with C-, mC-, and hmC-containing DNA,
respectively (Table S1). Quantitative MS is used to visualize the
relative abundance of a protein in each of the three different
pull-downs. This experiment confirmedmost of the observations
made in Figures 1B and 1D, although for some proteins, the
ratios in the triple pull-down are lower. As shown in Figures 1F
and 1G, Klf4 and Zbtb44 preferentially bind to the methylated
DNA. Other proteins bind to both modified baits, such as Uhrf1
(Figure 1H). Kdm2b preferentially binds to the nonmodified
DNA (Figure 1K). Contrary to a previous report (Yildirim et al.,
2011), we did not observe a specific interaction between
MBD3 and hmC (forward ratio, 0.448; reverse ratio, 1.823). We
validated these observations using recombinant protein (Fig-
ure 1C). At higher concentrations of recombinant MBD3 protein,
we observed a specific interaction with mC (Figure 1C), which is
in agreement with a recent study that revealed that MBD3 has
the highest affinity for mC compared to hmC and C (Hashimoto
et al., 2012).
Taken together, these experiments reveal that mC and hmC
both recruit distinct proteins in mESCs with little overlap.
Furthermore, a large number of proteins preferentially bind to
nonmodified DNA. The number of observed interactions with
hmC is moderate, and some of these suggest that hmC acts as
an intermediate in active DNA demethylation pathways in
mESCs.
fC and caC Recruit a Large Number of Proteins inMouse
Embryonic Stem Cells, Including DNA Glycosylases and
Transcription Regulators
We also applied our SILAC-based DNA pull-down approach to
identify readers for fC and caC in mESCs. Colloidal blue analysis
revealed that the total amount of protein binding to each bait is
similar (Figure S2A). Ratios of the forward and reverse pull-
downs with hmC, fC, or caC were individually averaged, and
these average ratios were then plotted against each other in
two-dimensional graphs (Figures 2A–2C and Table S1). From
these plots, it is clear that both fC (blue, purple, and green) and
caC (yellow and green) recruit many more proteins than hmC
does (red and purple). Strikingly, there is only limited overlap
between fC and caC binders (green) (Figure 2D). One of the
proteins that binds to fC and caC, but not to hmC, is Tdg, which
is consistent with its reported substrate specificity (Maiti and
Drohat, 2011).We validated this binding behavior using recombi-
nant protein in electromobility shift assays (EMSA) (Figures 2E
and 2F). We also purified GFP-Tdg from ES cells to identify
Tdg interaction partners (Figure S2B and Table S1). None of
the Tdg interactors were identified as specific readers in the fC
and caC pull-down, indicating that these fC and caC interactions
are Tdg independent. Another fC-specific reader is the p53
protein, which plays an important role in DNA damage response
(Kastan et al., 1991). Interestingly, Dnmt1 specifically interacted
with caC. This interaction was confirmed by EMSA as well as
western blotting using an antibody against endogenous protein
(Figures 2F and S2C). We also identified subunits of the Swi/
Snf chromatin-remodeling complex, such as BAF170, as readers
for caC. Three proteins bind to all oxidized derivatives of mC:
Thy28, C3orf37, and Neil1. GO term enrichment for biological
processes shows that fC significantly enriches for proteins that
are related toDNA repair (Benj.Hoch.FDR = 102.71) (Figure S3A),
whereas caC interactors are not enriched for any biological
process. RNA-binding proteins, mitochondrial proteins, and
other proteins that are less likely to be associated with regulation
of gene expression or DNA repair binding were identified as
binders for fC and caC (Table S3). Some of these may have
a basic affinity for the formyl and carboxyl groups on the DNA
strands, which are more reactive than methyl or hydroxymethyl.
To exclude the possibility that many fC and caC interactors are
binding to damaged or abasic DNA, we validated the homoge-
neity of the DNA strands using HPLC (Figure S2D). Furthermore,
we analyzed the DNA before (blue) and after incubation (red) with
mESC nuclear extract by MALDI-TOF-MS (Figure S2E). Quanti-
fication of the modified residues by LC-MS/MS shows that
there is no significant loss of the modified bases after incubation
with nuclear extract (Figure S2F). Figures 2A–2C also show that
the group of proteins that bind preferentially to nonmodified
cytosine (black, lower-left quadrant) shows a large overlap
between the three pull-downs and contains the PRC1.1, Mll1,
and Ino80 complexes. To compare the relative affinity of proteins
for these three modifications in a single experiment, we per-
formed a triple pull-down. Analyses of the triple pull-down ratiosfor the identified fC and caC readers show similar trends,
although some of the observed ratios are less prominent. As
shown in Figures 2G–2L (and Table S1), the representative
spectra of the indicated peptides of Tdg, Neil3, Mpg, Dnmt1,
MeCP2, and Uhrf1 show relative ratios that are in agreement
with ratios obtained in the independent experiments shown in
Figures 2A–2C.
In summary, our data suggest that oxidized cytosine bases
may induce a DNA damage response and trigger base excision
repair pathways, which may finally result in DNA demethylation.
In addition, each of these modifications recruits transcription
regulators and other proteins that are not likely to be related to
active DNA demethylation.
NPCs Contain a Distinct Set of mC and hmC Readers,
Including Uhrf2, which Has the Highest Affinity for hmC
To investigate whether interactions with mC and hmC are
dynamic during differentiation, we differentiated mESCs to
NPCs. Nuclear extracts were generated from these cells
followed by DNA pull-downs. Because no SILAC-compatible
neurobasal medium is available, these experiments were per-
formed using label-free quantification (LFQ) (Eberl et al., 2013;
Hubner andMann, 2011). Each DNApull-down is analyzed sepa-
rately and in triplicate. For all of the identified proteins (Table S1),
we used ANOVA statistics (p = 0.025 and S0 = 2) to compare the
relative enrichment of proteins for each of the three baits. All
significant outliers (192) were hierarchically clustered based on
correlation after normalization by row mean subtraction (Fig-
ure 3A). Protein enrichment is indicated in red, whereas lack of
enrichment is shown in blue. A large number of proteins bind
to C or mC, whereas fewer proteins are specifically enriched in
the pull-downs with hmC. Three smaller groups of proteins
bind specifically to two of the baits (C/hmC, C/mC, or mC/
hmC). As was observed in the DNA pull-downs from mESC
nuclear extracts, CXXC-domain-containing proteins (Kdm2b
and Mll, indicated in black) and their associated factors Bcor/
Ring1a/b (blue) and Rbbp5/Ash2l (black) are enriched in the
DNA pull-downs with nonmodified DNA relative to mC- and
hmC-containing DNA. We identified Mbd2 and associated
Mi-2/NuRD complex subunits as mC readers (indicated in
yellow). Other identified MBD proteins include Mbd4, MeCP2,
and Mbd1. Furthermore, a number of winged-helix (WH)-
domain-containing proteins bound specifically to mC, including
Rfx5 and its associated factors Rfxap and Rfxank (orange),
which have previously been identified as methyl CpG interactors
(Bartke et al., 2010).
Strikingly, these proteins bind more strongly to C compared to
hmC. We further substantiated these observations by using re-
combinant protein (Figure 3B). This result indicates that, for
some readers, oxidation of mC not only weakens the interaction,
but also repels the mC interactor. The homeobox domain is
significantly enriched in the cluster of mC-specific readers
(Benj.Hoch.FDR = 101.8, Figure S3A), which is consistent with
a previous study (Bartke et al., 2010). In addition, several known
mC readers, such as Kaiso, Uhrf1, andMbd4, bind bothmodified
forms of cytosine. A number of DNA glycosylases bind specifi-
cally to hmC (Neil1, Neil3), as well as some helicases (Hells,
Harp, Recql, and its homolog Bloom), which again suggests aCell 152, 1146–1159, February 28, 2013 ª2013 Elsevier Inc. 1149
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Figure 2. fC and caC Recruit a Large Number of Nonoverlapping Proteins in Mouse Embryonic Stem Cells
(A–C) Scatterplots of SILAC-based hmC, fC, and caC DNA pull-downs in mESC nuclear extract. The average ratio of all the identified and quantified proteins in
the forward and reverse experiment for each of the threemodifications is plotted on the X, Y, and Z axes of a three-dimensional cube. Shown in (A–C) are different
side views of the cube. Colors indicate in which of the three pull-downs a protein was significantly enriched.
(D) Venn diagram showing the number of significantly enriched proteins for each of the baits.
(E) EMSA with GFP-Tdg at increasing protein concentrations (6.25–200 nM) incubated with dsDNA (250 nM of differentially labeled xC- and C-containing
oligonucleotide, each).
(F) Electrophoretic mobility shift assays as shown in (E) performed with GFP-Tdg and GFP-Dnmt1 for all six residue variants (C, mC, hmC, fC, caC, and abasic
site [AB]) in direct comparison to unmodified DNA. The binding preference was determined as the ratio of fluorescence signals of the different DNA substrates in
the shifted bands. Shown are the means of three experiments; error bars represent SD.
(legend continued on next page)
1150 Cell 152, 1146–1159, February 28, 2013 ª2013 Elsevier Inc.
DNA-repair-involved DNA demethylation pathway (GO DNA
repair; Benj.Hoch.FDR = 103.91; Figure S3A). Although
homeobox proteins are known to bind specifically to mC, a
number of homeobox proteins show preferential binding to
hmC in NPC extracts (examples include Zhx1 and -2). Finally,
Uhrf2 was identified as a specific hmC-binding protein in
NPCs, which we confirmed using recombinant protein (Fig-
ure 3B). Uhrf2 is not expressed in mESCs, and its levels increase
upon differentiation (Pichler et al., 2011). This explains why
Uhrf2 was not identified as an hmC-specific reader in mESC
DNA pull-downs.
Taken together, theseexperiments reveal that interactionswith
mC and hmC are highly dynamic during differentiation. Further-
more, the observations made in NPCs strengthen our hypothesis
that oxidation of mC serves as a trigger for active DNA demethy-
lation. Nevertheless, some hmC-specific readers in NPCs do not
appear to be linked to DNA repair mechanisms, indicating that, in
these cells, hmCmay also serve a role as a ‘‘classical’’ epigenetic
mark that recruits transcriptional regulators.
NMR-Based Analysis of the Rfx5 WH Domain Bound
to mC DNA
The specific interaction between the Rfx5 WH domain and mC
DNA was studied in detail using solution nuclear magnetic reso-
nance (NMR) spectroscopy in order to derive binding affinity and
identify the mC-binding site. Addition of a singly methylated
18bp DNA fragment to the Rfx5-WH domain results in large
changes in the 1H-15N HSQC ‘‘fingerprint’’ spectrum (Figure 3C).
After addition of a slightmolar excess of DNA, the spectrumdoes
not show any further changes, indicating that Rfx5-WH strongly
binds mC DNA and preferentially at only one of the two mC
sites (Figure 3C). The affinity of Rfx5 for mC DNA was derived
from the observed peak displacement for residues in the fast
exchange regime, such as T104 and E102, assuming that the
two mC are independent and equivalent, which resulted in an
apparent dissociation constant KD,app of3 mM (with 95% prob-
ability limits 10 nM<KD<16 mM) (Figure 3D and Supplemental
Information). Based on DNA pull-downs done with recombinant
protein, which revealed a quantitative depletion of the WH
domain from the lysate, we anticipate the KD to be in the nM
range (Figure 3B) To identify the residues that are responsible
for specific mC binding, we used the DNA-bound Rfx1 WH
domain crystal structure (PDB ID 1DP7; sequence identity
35%; Avvakumov et al., 2008; Gajiwala et al., 2000) to construct
a homology model structure of Rfx5-WH and validated it
against the experimental chemical shifts (data not shown). The
homology model contains a hydrophobic pocket that includes
residues with the largest chemical shift changes and is well
aligned with an extended basic surface that is responsible for
DNA binding in Rfx1. This binding pocket, formed by the side
chains of K110, V113, Y114, T132, F135, L139, and Y169, is
appropriately shaped to capture the mC base via a flip-out(G–L) Representative spectra of the indicated peptides obtained in the triple-lab
the indicated peptides and proteins for hmC-containing (red), fC-containing (blue
Mpg (I), Dnmt1 (J), MeCP2 (K), and Uhrf1 (L).
See also Figure S2 and Table S1.mechanism, as seen in the case of UHRF1 (Figure 3E). Steric
clashes introduced by the presence of an additional hydroxyl
group could cause the observed specificity for mC. Given the
apparent high affinity and DNA-sequence-independent binding
to mC, we propose that the WH domain that is present in Rfx
proteins is a bona fide mCpG-binding domain.
Brain-Specific Readers for mC and hmC Include Dlx
Proteins
The adult brain is the organ with the highest levels of hmC
(Globisch et al., 2010). Tet enzymes and hmC have been shown
to play a role in active DNA demethylation of certain genes in this
organ (Guo et al., 2011). To identify readers for C, mC, and hmC
in the adult brain, nuclear extracts were prepared from this
tissue, and these extracts were used for DNA pull-downs. LFQ
was used to determine differential binders (Table S1). In brain
extracts, we identified fewer specific readers compared to
NPCs (108, p = 0.025 and S0 = 0; Figure 4), most likely due to
the presence of highly abundant structural proteins derived
from connective tissue and extracellular matrix in these nuclear
extracts. Interestingly, more proteins specifically bind to hmC
compared to mC in brain extracts. This is in contrast to NPCs
and mESCs, in which more interactions with mC relative to
hmC are observed, which may imply a specific role for hmC in
brain tissue.
The nonmodifiedDNApull-down enriched for the same factors
as those observed in mESCs and NPCs, including Cxxc5,
Kdm2b, and Bcor (CXXC-domains indicated in black, PRC1
complex in blue, and Ino80 in red). In this case, mC DNA was
bound by the Mbd2/NuRD complex, which contains the brain-
specific ATPase Chd5 (Eberl et al., 2013; Potts et al., 2011) (indi-
cated in yellow). Interestingly, we identified three distal-less
homeobox proteins (Dlx1, -5, and -6) as specific mC interactors.
Dlx proteins play a role in the development of the brain and are
also expressed in specific regions of the adult brain (Jones
et al., 2011; Wang et al., 2011). Wdr76 and Thy28 are hmC
specific, as was also observed in NPCs. Thap11 (or Ronin) is
identified as a brain-specific hmC reader. Interestingly, this
protein is highly expressed in certain regions of the brain,
including Purkinje cells (Dejosez et al., 2008). Finally, we identi-
fied all four subunits of replication factor C (Rfc2-5) and the asso-
ciated factor Rfc1 as hmC-specific readers (indicated in green).
Altogether, these experiments further emphasize the dynamic
nature of the mC and hmC interactomes during development.
Global Absolute Quantification of Protein Levels in
mESCs, NPCs, and Adult Mouse Brain Extracts Reveals
Expression-Level-Dependent and -Independent
Interaction Dynamics
Our screening for mC- and hmC-specific readers in mESCs,
NPCs, and adult mouse brain revealed a large number of
cell-type- or organ-specific interactors (Figure S3B). The mosteled DNA pull-down in mESCs. Each spectrum shows the relative affinity of
), and caC-containing (yellow) DNA. Spectra are shown for Tdg (G), Neil3 (H),
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Figure 3. Hierarchical Clustering of NPC-Specific C, mC, and hmC Readers
(A) Correlation-based clustering of the LFQ intensities after log2 transformation and normalization by rowmean subtraction. Included in the clustering are proteins
that are significantly binding to at least one of the baits as determined by an ANOVA test. Blue indicates lack of enrichment, whereas enrichment is indicated in
red. Domain and Complex columns indicate the DNA-binding domain(s) that may be responsible for direct binding to the bait and the complexes that readers are
part of, respectively.
(B) Biochemical validation experiments using DNA pull-downs with recombinant DNA-binding domains.
(C) Overlay of Rfx5-WH HSQC spectra with increasing amounts of mC DNA added and color-coded on the indicated scale listing the WH domain:DNA ratio.
Some residues, such as F135 and R118, cannot be unambiguously tracked to their bound states because their chemical shift changes are very large. Peaks
corresponding to their bound state, such as ‘‘X,’’ appear only after addition of a full molar equivalent of DNA.
(D)Selectedbinding curves andfits for resonances that are in the fast exchange regime throughout the titration. Error bars (SD) for thepeakpositions are set to1.2Hz.
(E) Close-up of the putative mC-binding pocket in the RFX5 WH domain. The methylated cytosine is indicated in green.
See also Table S1.
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Figure 4. Hierarchical Clustering of Brain-
Specific C, mC, and hmC Readers
Correlation-based clustering of the row-mean-
subtracted LFQ intensities of proteins in C, mC,
and hmC DNA pull-downs in adult mouse brain
nuclear extracts.
See also Table S1.obvious explanation for these observed differential interactions
is regulation of reader abundance at the protein level. Alterna-
tively, the interaction between a reader and (modified) DNA
may be affected by posttranslational modifications (PTMs). To
investigate global absolute protein levels in the different nuclear
extracts that were used for the pull-downs, we made use of
a method called intensity-based absolute quantification (iBAQ)
(Schwanha¨usser et al., 2011). Approximately 8,000 proteins
were quantified in at least one of the extracts (Table S2).
All proteins with at least a 10-fold change in concentration
were clustered based on their expression pattern (Figure S4B).Cell 152, 1146–1159, FThe cluster of mESC-specific proteins
is enriched for anchoring junction
(Benj.Hoch.FDR = 102.96) and cell
adhesion (Benj.Hoch.FDR = 102.14),
whereas proteins in brain enriched GO
terms such as synaptic transmission
(Benj.Hoch.FDR = 103.77) and cognition
(Benj.Hoch.FDR = 102.75), as expected
(Figure S4C). The molar concentrations
of proteins that are significantly enriched
in one of the DNA pull-downs are spread
over several orders of magnitude, indi-
cating that our screening is not biased
toward high-abundant proteins (Fig-
ure 5A). Of the 259 proteins that showed
dynamic interactions through develop-
ment (Table S3), 20 proteins were not
quantified in the iBAQ measurements.
The 74 proteins (31%) that do show
a correlation between interaction pattern
and protein abundance in the different
extracts can be divided into six clusters
(Figure 5B). A correlation was defined as
gaining or losing an interaction accompa-
nied by at least a 2-fold change in protein
abundance. An example of a protein that
was identified as a specific (mC) reader
only in mESCs was Klf4. As shown in Fig-
ure 5B, this protein is highly expressed in
mESCs but is less abundant in NPCs or in
the adult mouse brain. Another example
is represented by the Dlx5 and Dlx6
proteins, which are highly abundant in
brain nuclear extract and exclusively
bind to mC in pull-downs from these
extracts. For about 185 proteins, no
correlation is observed between expres-
sion levels (at least 2-fold change) and
binding behavior. For these proteins, thecause of differential binding may be explained through PTMs
that affect the interaction between a reader and DNA or a differ-
entially expressed cofactor. A good example of the latter is the
Mi-2/NuRD complex. Althoughmost of its subunits display equal
expression levels in mESCs, NPCs, and brain, mC-specific inter-
actions are not observed in mESCs. This can be explained by
the fact that Mbd2, which is the direct reader of mC within the
NuRD complex, is low in abundance in mESCs and is upregu-
lated during differentiation (Figure 5B). Thereby, it controls the
mC-specific binding of the entire complex. In mESCs, the
majority of the Mi-2/NuRD complex contains Mbd3, which isebruary 28, 2013 ª2013 Elsevier Inc. 1153
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the MBD-containing protein that has lost its high-affinity mC
binding ability. Furthermore, technical reasons for not identifying
an interactor could be the presence of highly abundant structural
proteins in the brain lysate or binding competition among
different readers in the extracts. Altogether, the absolute quanti-
fication of protein abundance in the different nuclear extracts
revealed large differences in protein levels between mESC,
NPCs, and adult mouse brain. This data set serves as a rich
resource on its own but also enables us to explain many of the
differential interactions that we identified using quantitative
MS-based interactomics.
Uhrf2 Stimulates the Sequential Activity of the Tet1
Enzyme
The first protein that was identified as an hmC binder was Uhrf1
(Frauer et al., 2011), a protein that is involved in maintenance of
DNA methylation (Bostick et al., 2007). Our data revealed that
Uhrf1 binds with a similar affinity to mC and hmC, which is
consistent with previously published data (Frauer et al., 2011).
This is in contrast to Uhrf2, which we identified as a high-affinity
hmC-binding protein in NPC cells that shows a lower affinity for
mC. The function of Uhrf2 is not well understood. It is clear,
however, that Uhrf2 cannot rescue the phenotype of Uhrf1
knockout cells, which lose DNA methylation (Pichler et al.,
2011; Zhang et al., 2011). Uhrf1 is highly expressed in mESCs,
whereas Uhrf2 levels increase during differentiation (Table S3
and Pichler et al., 2011). Altogether, this prompted us to investi-
gate whether Uhrf2 expression affects the levels of mC and its
oxidized derivatives. The Tet1-catalytic domain was transfected
into HEK293T cells with andwithout coexpression of Uhrf2. Total
genomic DNA modification levels were determined using
LC-MS/MS (Figure 6 and Supplementary Information). As shown
in Figure 6D, Uhrf2 overexpression increases the level of hmC.
More striking is the increase of fC and caC levels upon Uhrf2 co-
expression together with the Tet1 catalytic domain. Because fC
and caC serve as substrates for Tdg and BER, the detected
increase in the levels of fC and caC following Uhrf2 expression
may be an underestimation of the actual production of these
bases. It therefore seems that Uhrf2 promotes repetitive oxida-
tion of mC by the Tet proteins. We hypothesize that flipping
the modified cytosine base out of the DNA double helix, as has
been described for Uhrf1 binding to methylated and hydroxyme-
thylated DNA (Arita et al., 2008; Frauer et al., 2011), may enhance
accessibility of the hydroxymethylated base to the Tet enzymes,
thereby promoting further oxidation.
DISCUSSION
In this study, we have used quantitative MS-based proteomics
to identify readers for mC and its oxidized derivatives in mESCs,Figure 5. Global Absolute Protein Quantification in mESCs, NPCs, and
(A) Graphs indicating the concentration of all proteins identified in the nuclear extr
area indicates the concentration at which protein quantification is inaccurate.
(B) Readers for which protein expression levels correlate with DNA binding pa
different nuclear extracts. The color indicates protein levels (white, low; red, hig
thereof.
See also Figure S4 and Table S2 and Table S3.as well as readers for mC and hmC in NPCs and adult mouse
brain. Readers for individual modifications were found to be
highly dynamic throughout the three cell types and tissues that
we investigated (Figure 7). This is in contrast to interactions
with histone modifications, such as trimethylated lysines on
histone H3. For these modifications, the majority of interactors
are constant between different cell types or developmental
stages (Eberl et al., 2013 and M.V., unpublished data). Readers
for distinct cytosine modifications show limited overlap. This
indicates that, at least from a biochemical perspective, mC,
hmC, fC, and caC behave quite differently. Although little overlap
was observed with regard to proteins that interact with each of
the epigenetic marks, they all repelled a common set of proteins,
such as several CXXC-domain-containing proteins and their
interactors. It remains to be determined which of the conse-
quences of DNA (hydroxy)methylation is functionally most
relevant: recruitment of transcriptionally repressive complexes
or preventing the binding of certain (activating) proteins to
unmodified DNA. A detailed biochemical characterization of
the interactions and their dissociation constants will be impor-
tant to answer this question.
Our experiments revealed a number of DNA glycosylases and
DNA repair proteins that bind to hmC, fC, and caC, whereas
we identified few such proteins binding to mC. The enriched
binding of DNA-repair-associated proteins was most pro-
nounced for fC. From this observation, one can conclude that
the conversion of hmC to fC is a signal that is likely to result in
repair-associated removal of the modified base by proteins
that are rather ubiquitously expressed. It is therefore surprising
that, in different cell types and tissues, rather constant levels of
hmC, fC, and caC are found. The maintenance of such constant
levels of these bases in mESCs may indicate a high turnover of
DNA methylation, probably involving a constant ‘‘correction’’
by de novo methylation. Regardless, it will be important to
investigate which mechanisms control Tet enzyme conversion
of mC to hmC and further oxidation to fC and caC. Our data
reveal that coexpression of Uhrf2 with the catalytic domain of
Tet1 results in a (transient) upregulation of hmC, fC, and caC,
indicating that Uhrf2 promotes the sequential oxidation of
mC by Tet1. One of the other factors influencing the catalytic
activity of the Tet enzymes is the concentration of cellular
metabolites. It has been shown that oncometabolites such as
2-hydroxyglutarate can competitively inhibit the activity of
2-oxo-glutarate-dependent enzymes, such as the Tet proteins
(Chowdhury et al., 2011; Xu et al., 2011). Furthermore, mutations
in IDH1 and -2, which generate 2-oxo-glutarate, are
phenocopied by mutations in the TET enzymes and result in
cancer (Figueroa et al., 2010). Mutations in the IDH2 and TET2
genes were also linked to lower genomic hmC levels and
altered gene expression patterns in myeloid cancers (Ko et al.,Adult Mouse Brain
act (all) and the identified readers (significant) in each of the cell types. The gray
tterns were clustered into six groups based on their expression in the three
h), whereas binding preference is indicated by C, mC, hmC, or combinations
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Figure 6. Stable Isotope-Dilution-Based LC-ESI-MS/MS Quantification of Cytosine Derivatives in HEK293T Cells
(A) Nonquantitative LC-MS/MS chromatogram of digested genomic DNA from HEK293T cells cotransfected with Tet1-catalytic domain-GFP (GFP-Tet1cd)
and an unrelated expression construct (control). Depicted are the overlaid ion chromatograms of the MS/MS transitions for dC and the cytosine derivatives
(black curves). dC, mC, and hmC were measured by a factor of 102–103 less sensitive in comparison to caC and fC.
(B) Same as (A) except that Uhrf2-GFP was coexpressed together with GFP-Tet1cd. The MS signal intensities were normalized to the dC content of (A).
(C) Superposition of (A) and (B).
(D) Levels of cytosine derivatives relative to the total cytosine content (dG) as determined by quantitative LC-MS/MS mass spectrometry.
Shown are the means of technical triplicates; error bars reflect SD.2010; Konstandin et al., 2011). In support of these observations,
which clearly link hmC to cancer, we noticed that many hmC,
fC, and caC readers are implicated in cancer, including
UHRF2, CARF, p53, and HELLS (Lee et al., 2000). Interestingly,
mutations in the Hells helicase, which we identified as an hmC
reader in NPCs, result in a decrease of DNA methylation levels
in cells (Myant et al., 2011). It seems clear that regulating
the levels of mC and its oxidized derivatives is essential for
normal cell homeostasis and that deregulation of the readers,
writers, and erasers of these marks results in a disturbance of
the balance between cell proliferation and differentiation during
development.
EXPERIMENTAL PROCEDURES
Cell Culture
IB10mESCswere cultured in light (R0K0) or heavy (R10K8) SILACmedium in the
presence of 2i compounds. For triple labeling, a third type of mediumwas used
containing medium-labeled L-lysine (K4) and L-arginine (R6). mESCs were1156 Cell 152, 1146–1159, February 28, 2013 ª2013 Elsevier Inc.differentiated to NPCs in N2B27 medium and cultured in NSA medium, con-
sisting of NSA MEM, 1% glutamine, 13 N2 supplement, 10 ng/ml bFGF,
and 10 ng/ml EGF.
DNA Pull-Downs
Nuclear extracts were generated as described previously (Eberl et al., 2013;
Vermeulen et al., 2010). DNA (see Table S4) immobilized on Dynabeads My-
One C1 was incubated with nuclear extract in 50 mM Tris-HCl (pH 8),
150 mM NaCl, 1 mM DTT, 0.25% NP40, and complete protease inhibitors
(Roche, EDTA-free) in the presence of poly-dAdT. After extensive washes
(using incubation buffer without poly-dAdT), bound proteins were in-gel di-
gested using trypsin. After sample preparation, peptides were desalted on
Stage-tips (Rappsilber et al., 2003).
Mass Spectrometry
Peptides were separated using an EASY-nLC (Proxeon) connected online to
an LTQ-Orbitrap Velos mass spectrometer (Thermo) as described (Smits
et al., 2013). Raw data were analyzed using MaxQuant version 1.2.2.5 and
searched against protein database ipi.MOUSE.v3.68.fasta. Using Perseus,
data were filtered and scatter plots were made using R. The raw mass spec-
trometry data have been deposited to the ProteomeXchange Consortium
Figure 7. Visualization of Cell-Type-Specific and General mC and
hmC Readers
Venn diagram showing examples of mC (A) and hmC (B) readers that were
identified in mESCs (blue), NPCs (orange), and adult mouse brain (green). See
also Figure S3 and Table S3.(http://proteomecentral.proteomexchange.org) via the PRIDE partner reposi-
tory (Vizcaı´no et al., 2013) with the dataset identifier PXD000143.
Recombinant Protein Expression and DNA Pull-Downs
DNA-binding domains were cloned into the GST-containing PRP256NB
vector. The Uhrf2(aa416–626) GST-fusion construct was kindly provided by
Dr. Jiemin Wong. Protein expression was performed in E. coli BL21 codon+
cells. Bacterial lysate was cleared by ultracentrifugation. DNA pull-downs
were performed as described above with the addition of 10 mM ZnCl2 to the
incubation buffer.
iBAQ
iBAQ was performed essentially as described in Schwanha¨usser et al. (2011).
A more detailed description can be found in the Extended Experimental
Procedures.LC-MS/MS Analysis of Genomic DNA
Cotransfections were performed in HEK293T cells, and genomic DNA was
purified according to Mu¨nzel et al. (2010). Quantification of DNA nucleosides
from genomic DNA is based on a further development of our isotope dilution
method (Pfaffeneder et al., 2011 and data not shown). LC-MS/MS analysis
was performed on an Agilent 6490 triple quadrupole mass spectrometer
coupled to an Agilent 1290 UHPLC system. For general source- and
compound-dependent parameters, see the Extended Experimental Proce-
dures and Tables S5 and S6. The transitions of the nucleosides were analyzed
in the positive-ion-selected reaction monitoring mode (SRM) operating MS1
and MS2 under unit mass resolution conditions.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four
figures, and six tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2013.02.004.ACKNOWLEDGMENTS
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